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Tuesday, February 18, 2014 531aSpontaneous calcium (Ca) waves must emerge near-synchronously in thou-
sands of contiguous myocytes to produce delayed afterdepolarizations
(DADs) in cardiac tissue. Previous studies have shown as Ca load increases,
the time to onset of a spontaneous Ca wave after pacing (latency), as well as
its variability, decreases. Two proposed mechanisms include the time period
required to refill the sarcoplasmic reticulum (SR) Ca stores and regain Ca
release channel excitability, and the latter plus an ‘‘idle period.’’ Here we
used patch-clamped Fluo-4-loaded isolated rabbit ventricular myocytes to
detect Ca waves and DADs following pacing trains. Longer pacing trains
enhancing Ca loading decreased latency and its variability. Using paced prema-
ture beats, latency outlasted the period required for SR refilling and Ca release
channel recovery, consistent with an additional ‘‘idle period.’’ From combined
experimental data, simulations, and theoretical analysis, we present evidence
that the ‘‘idle period’’ can be explained by criticality theory (Biophys J
2012;11:2433), related to the probability that a cluster of Ca release units large
enough to initiate a Ca wave will self-organize. This theory directly accounts
for the observed shortening of latency and its variability as Ca load increases.
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Spontaneous beating rate was studied in mouse isolated atrial preparations and
in guinea-pig single myocytes isolated from the sinus node (SAN) region of
the heart. In atrial preparations, the I(f) blockers ZD7288 (1 mM) and ivabra-
dine (3 mM) both reduced spontaneous beating rate by more than 200 bpm, and
the change in beating rate caused by the combination of ivabradine and
ZD7288 was not significantly different from the changes caused by either
drug alone. Application of cyclopiazonic acid (CPA, to inhibit SERCA) also
reduced beating rate by about 150 bpm. ZD7288 alone, ivabradine and the
combination of ZD7288 and ivabradine all depressed the log(concentration)-
effect curves for the effect of isoproterenol on rate by similar amounts. CPA
alone caused a greater depression of isoproterenol log(concentration)-effect
curves than was the case with the I(f) blockers. The combination of I(f)
blockers and CPA caused a profound further depression of the effects of
isoproterenol on spontaneous rate so that the log(concentration)-effect curve
was almost flat. The effects I(f) blockers and CPA were also investigated in
guinea-pig isolated SAN myocytes loaded with the Ca2þ probe, fluo-5F, and
were broadly comparable to those observed in intact spontaneously beating
atria. The observations are consistent with roles for both I(f) and SR Ca2þ
in the control of spontaneous beating rate. The balance between the contribu-
tions of different mechanisms to the control of spontaneous rate varies with
conditions, particularly in their influence on the increase in rate caused by
isoproterenol. The presence and function of Ca2þ-stimulated adenylyl cyclases
is likely to be an important factor with the potential to link the contributions of
these interacting processes.
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Doxorubicin (DOX) is a widely used antineoplastic agent that exerts cardio-
toxic effects. This study analyzed the effects of a clinically relevant DOX con-
centration (30 mM) on Ca2þ transport in rat ventricular myocytes. DOX
decreased the sarcoplasmic reticulum (SR) Ca2þ content ([Ca2þ]SR) (15%,
p<0.001), however without significant change in Ca2þ transient amplitude
and kinetics, or in the fraction of [Ca2þ]SR released at a twitch. DOX abbrevi-
ated [Ca2þ]i decline of caffeine-evoked transients (p<0.001). Estimates of the
integrated Ca2þ fluxes attributable to individual transporters during twitch
[Ca2þ]i decline indicated a small depression of SR Ca2þ uptake (12%,
p<0.05), but great enhancement of Ca2þ efflux via the Naþ/Ca2þ exchanger
(NCX) (90%, p<0.05), so that the contribution of the latter to cytosolic Ca2þ
removal more than doubled. To promote NCX-mediated Ca2þ influx in the
absence of electrical stimulation, extracellular [Naþ] was lowered from 140
to 105 mM. In these conditions, DOX exposure increased both the rate constant
of [Ca2þ]i rise (12.851.4 vs. 4.850.8 nM.s-1) and the rate of spontaneous
Ca2þ transients (0.1850.04 vs. 0.0550.01 Hz, p<0.05). After SR function
inhibition with thapsigargin, spontaneous Ca2þ transients were absent, but
NCX-mediated increase in [Ca2þ]i remained greater in the presence of DOX
(190535 vs. 74518 nM.min-1, p<0.01), which was abolished by inhibition
of reverse NCX with 10 mM KB-R7943 (2956 nM.min-1, p<0.01). Theresults indicate that DOX altered mainly diastolic Ca2þ handling, causing
mild inhibition of SR Ca2þ uptake, but marked increase of Ca2þ transport
via NCX. The latter effect does not seem to be due to thermodynamic factors,
but probably to NCX stimulation, as both Ca2þ influx and efflux were
enhanced.
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It has been suggested that Na-Ca exchanger (NCX) plays an important role in
pacemaker function as a link between intracellular Ca2þ dynamics and the
membrane ion currents. This role remains unresolved due to a lack of specific
NCX blockers and the challenges in measuring NCX current (INCX) under
different conditions. We approach the problem via a new model that combines
a model of SA node cells featuring local Ca2þ control with the entire ensemble
of ion currents described by an earlier Maltsev-Lakatta common pool model in
order to simulate pacemaker potentials. This approach discovered a new mech-
anism of stabilization of the INCX using local calcium dynamics when the
number of NCX molecules is decreased (as for example in an incomplete
NCX knock-out). In this model, during the diastolic depolarization, the Ca2þ
released via a ryanodine receptor (RyR) in the sarcoplasmic reticulum in
SANC can recruit its neighboring RyRs to release more Ca2þ. The extent of
this local RyR recruitment depends upon the extent to which the released
Ca2þ diffuses and interacts with neighboring RyRs. As the NCX "steals"
Ca2þ in the vicinity of each RyR, it restrains C2þa induced Ca2þ release.
This restraint wanes as NCX expression becomes reduced, ensuring that
INCX remains almost unchanged. We furthermore examine when this
stabilization mechanism becomes saturated, and find that saturation occurs
when all RyRs open to release Ca2þ. This leads to arrhythmias and pacemaker
failure. Comparing our results to earlier common-pool models we find that only
ours predicts physiological Ca2þ levels as NCX expression is reduced. Thus our
simulations discovered a new INCX stabilization mechanism in cardiac
pacemaker cells via local Ca2þ control.
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A calcium (Ca) wave propagates when Ca sparks recruit new sparks in the
adjacent Ca release units (CRUs) in cardiac myocytes. When Ca releases
occur, Ca from the sarcoplasmic reticulum (SR) is removed mostly via the
SERCA pump and the sodium-calcium exchanger (NCX) from the cytosol.
If this removal process is more dominant than the positive feedback process
of Ca induced Ca release, Ca waves cannot propagate. The diastolic membrane
potential can be hyperpolarized or depolarized by various factors such as
hyperkalemia, hypokalemia in the long term or by delayed afterdepolarizations
(DADs) in the short term. In this study we investigate how membrane potential
affects Ca waves. We use a physiologically detailed ventricular myocyte math-
ematical model to investigate individual factors which affect Ca wave propa-
gation. We investigate the voltage range of 90 ~ 70 mV. We find that
depolarization of the membrane potential promotes Ca wave propagation
and hyperpolarization prevents Ca wave propagation. Ca transport by NCX
is determined by membrane potential as well as sodium and Ca concentrations.
Depolarized membrane potential reduces NCX-mediated efflux, and thus pro-
motes Ca wave propagation. Moreover, depolarized membrane potential pro-
motes spontaneous Ca releases which can cause initiation of multiple Ca
waves. This indicates that during DADs, CRUs interact with not just the
immediately adjacent CRUs via Ca diffusions, but also farther CRUs via
fast (~0.1ms) voltage diffusion on the membrane through the NCX. This
may also be an additional mechanism of synchronization of Ca waves among
multiple cells in tissue.
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Ca2þ signaling is ubiquitous across cell types. Ca2þ liberation through inositol
1,4,5-trisphosphate receptors (IP3Rs) is a key component of the Ca2þ signaling
toolkit. The role of cytosolic calcium on the kinetics of IP3R’s and on the
dynamics of the evoked signals has been studied at large both experimentally
532a Tuesday, February 18, 2014and by modeling. The role of luminal calcium has not been investigated with
that much detail although it has been found that it is relevant for signal termi-
nation in the case of Ca2þ release through Ryanodine Receptors. In this work
we present the results of observing the dynamics of luminal and cytosolic Ca2þ
simultaneously in Xenopus Laevis oocytes using two dyes that have their peaks
of emission at different wavelengths. Through a continuous photorelease of
caged IP3 we are able to evoke a series of global and localized signals in
this system. The analysis of such signals allows a characterization of the extent
to which distant regions can be coupled via the dynamics of luminal calcium. In
this way we expect to advance into answering whether luminal calcium can
generate the global feedback mechanism that is necessary to explain the
robustness of IP3R-mediated calcium spikes as a signaling tool in spite of
the inter-spike interval randomness.
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The contribution and significance of sarcoplasmic reticulum (SR) Ca2þ
release driven by InsP3-R activation (IP3ICR) in cardiac excitation-
contraction coupling (ECC) is still a matter of debate. In particular it’s role
in the Ca2þ-induced Ca2þ release (CICR) mechanism in non-hypertrophic
ventricular myocytes seems to be ambiguous. Here we characterize the contri-
bution of IP3ICR in Ca2þ wave propagation driven by CICR in ventricular
myocytes. We hypothesized a functional crosstalk and/or cooperativity be-
tween both SR-Ca2þ release channels, e.g. IP3ICR may trigger or facilitate
CICR via RyR activation and/or RyR sensitization. IP3ICR was activated in
a highly targeted way by UV-flash photolysis of a membrane-permeant caged
InsP3 while simultaneously imaging Ca
2þ with laser-scanning confocal micro-
scopy in ventricular myocytes acutely isolated from mouse hearts. Recently, it
has been shown that cellular ECC remodeling under pathophysiological stress
leads to increased expression of InsP3-Rs and IP3ICR. To boost this situation
to the extreme and in order to unmask a potential role of IP3ICR in ECC we
used an InsP3-R overexpressing mouse model. Photolytic InsP3 release re-
sulted in an immediate increase in Ca2þ wave propagation (from 6357.3
mm/s in control to 7953.7 mm/s after flash, n=10). This response was sensi-
tive to the InsP3-R blocker Xestospongin C and was not seen in WT mice.
After repetitive photolytic InsP3 release in a time window of >5 min, Ca
2þ
wave propagation reverted back to control. In addition, spontaneous Ca2þ
wave appearance decreased or dissapeared. This suggests that Ca2þ wave
propagation under conditions of high functional InsP3-R expression are accel-
erated by regional RyR sensitization mediated by IP3ICR. However, over long
term RyR Ca2þ desensitisation and SR-Ca2þ store depletion by InsP3-Rs
openings may lead to Ca2þ wave termination. Supported by SNF and Novartis
Res. Foundation.
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In cardiac myocytes Ca2þ release events based on the intracellular second
messenger inositol-1,4,5-trisphosphate receptor (InsP3R) activation are not
conclusively characterized. This Ca2þ release mechanism may play a signifi-
cant role under pathophysiological conditions, e.g. atrial arrhythmogenicity.
In this study we characterize InsP3-induced SR-Ca
2þ release events (Ca2þ
puffs) and spontaneous SR-Ca2þ release events (Ca2þ sparks) based on RyRs
openings in atrial myocytes. Local Ca2þ release events were examined in intact
or permeabilized atrial myocytes acutely isolated from transgenic mouse hearts
overexpressing InsP3Rs by using rapid 2-dimensional confocal imaging (150
fps). InsP3Rs were activated by rapid superfusion with InsP3 (permeabilized
cells) or by ET-1 (intact cells). Xestospongin C was used as antagonist. Ca2þ
puffs were solely appearing in the presence of intracellular InsP3. However,
Ca2þ puffs may trigger Ca2þ sparks and both likely coexist, making the event
separation and analysis from confocal images challenging. We compare two
analytical approaches for quantitative Ca2þ event analysis based on different
mathematical formalisms. One procedure operates with a spark as the rejection
of the null hypothesis that the fluorescence change is noise. The second per-
forms pixel-by-pixel fitting of the fluorescence signal and reconstructs underly-
ing Ca2þ events via a clustering algorithm. Although rapid confocal imaging of
the entire cell cross section always suffers from low signal-to noise ratio, thisapproach gives a more detailed and representative view of local Ca2þ events.
Our new formalism for Ca2þ event analysis allows us to separate and charac-
terize micro Ca2þ events (Ca2þ puffs, Ca2þ sparks) by their absolute number,
amplitude, signal mass, area, FWHMX, FWHMY and kinetics using high speed
imaging. We found that Ca2þ puffs exist as specific events in atrial myocytes,
which could not be seen previously. Supported by SNF, SciEx and Novartis
Res. Foundation.
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Analysis of Ca2þ signaling in cardiac cells is often a trade-off between acqui-
sition speed and signal-to-noise ratio. This becomes especially apparent in fast
2D scanning or when recording fluorescence signals from the sarcoplasmic re-
ticulum, for example. Methods have been developed to remedy this via ’denois-
ing’ the image by fitting each pixel with a transient function. So far, adoption of
such methods has been hindered by a number of limitations (e.g., inability to fit
local, concurrent and consecutive events) and the limited availability of a
customizable implementation.
Here we present a novel method for performing per-pixel denoising of confocal
frame- and linescans. Our algorithm permits the extraction of spatiotemporally
overlapping events (e.g., a spark occurring during the decaying phase of a Ca2þ
wave) and is able to detect various different types of events within a pixel time
course. The method estimates a non-constant baseline for each pixel, negating
the necessity of using background regions or self-ratio methods prior to per-
forming the analysis. Furthermore, by applying a clustering algorithm, detected
single-pixel events are grouped into physiologically relevant events spanning
multiple pixels (sparks, waves, puffs,transients, etc.), from which traditional
parameters such as FDHM, FWHM, amplitude, wave speed, rise and decay
times, can be easily extracted.
The method has been implemented as a cross-platform open source software
with a comprehensive and easy to use graphical user interface. We have applied
our method to analyzing linescans of repetitive sparks from individual RyR
clusters; high-speed (150 frames/sec) framescans containing alterations in
Ca2þ release events in atrial myocytes; and parallel analysis of Ca2þ release
dynamics in the sarcoplasmic reticulum and cytosol.
Supported by SNF and SciEx.
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High-speed confocal microscopy is a method now commonly used to investi-
gate subcellular calcium release events, but whose potential is rarely used fully
without an effective standard analysis method.
Here a detailed evaluation of a standalone analysis package for line-scan and
X-Y images is presented. The algorithms used are based on a one-dimensional
stationary wavelet transform. Computer generated images mimicking the prop-
erties of real recordings were used to assess the accuracy of the algorithms.
On line-scan images the minimum usable detection amplitude for stereotypical
calcium sparks at a sensitivity of ca. 80% was found to be 0.085. Sparks of
amplitude (DF/F0) 0.15 and above are detected with a sensitivity of at least
98%. Due to the large number of points in a calcium spark, specificity exceeds
95% in all cases, enabling automatic analysis without manual correction.
Furthermore, the temporal characteristics of sparks can be determined with a
very high accuracy.
On series of X-Y images the cell orientation and its sarcomeric structure is
determined. Here, the minimal detection amplitude for generated sparks with
2 mm FWHM is 0.08 at a sensitivity level of 94% with a specificity level
exceeding 98%. Using optimal detection parameters, sparks of 0.2 amplitude
are found with a sensitivity of 100%. A separation distance of 3.6 mm is
required between the centers of two sparks. The high temporal resolution
makes it possible to study the spatiotemporal evolution of a calcium release
event in 2D since events found on subsequent images at identical locations
are automatically linked to each other.
As the levels of detection parameters show, the assessed toolset, available upon
request, is highly effective in the analysis of muscle calcium release events and
may be useful for the analysis of other fluorescent calcium images.
